ABSTRACT
INTRODUCTION
Craniocervical (CC) region's ligaments play an important role in the stability, the mobility and the rotation of the CC region [1] . The most important ligaments at this region are the transverse ligament, the anterior and posterior atlantooccipital ligament, the apical ligament, the alar ligament and the cruciate ligament (Figure 1) . Knowledge of their normal appearance and their variations are of particular importance in determining an injured ligament. Their anatomy has been described in numerous cadaveric studies and in some anatomical studies using CT and MRI, especially MR units 1.5Tesla (T) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Magnetic Resonance Imaging (MRI) is suggested to be the method of choice in the evaluation of the craniocervical (CC) region and its ligaments since it provides high resolution and increased tissue characterization [12] [13] [14] . Up to date anatomical MR studies of the craniocervical region have been performed in 1.5T MR units and there has not been set a widely accepted examination protocol in the evaluation of this region. The limitations of 1.5T MR units to the detection of thin and closely located structures, such as CC ligaments is already known, compared with 3.0T MR. More specifically, high magnetic field strength MRI systems, as 3T, provide better signal to noise ratio and thus better identification of these small ligaments. To our knowledge there is only one study to date, assessing the anatomy of some of the craniovertebral junction ligaments at 3.0T, called accessory atlantoaxial ligament [11] . In our study we did not concentrate to the detection of these small ligaments, but we assess the anatomy of the main CC ligaments, such as the anterior and posterior atlantooccipital ligament, the apical ligament and the transverse ligament, using 3T MR unit.
In neck trauma, injury of these ligaments may cause neck pain and may lead to instability and altered mobility in the CC region. Although it is accepted that the role of MR imaging in severe neck trauma is very important, in minor or moderate neck trauma (acceleration-deceleration collision, whiplash injury) there is a debate concerning the role of MR imaging, especially if there is no neurological deficit [5] . It is very important for the radiologists to be aware of the exact anatomic imaging of these ligaments in order to detect even minor morphological alteration, concerning either their signal intensity or their course, in cases of trauma.
The purpose of this study is the anatomical identification of the ligaments of the CC region concerning their location, their dimensions and their morphology using a 3T MR scanner, the correlation of our results with those from cadaveric studies and other MR studies and the detection of the most appropriate sequence for the best imaging of these ligaments.
MATERIAL AND METHOD
In this prospective clinical study, 58 healthy volunteers were included (18 men, 40 women; age range 21 -50 yrs; mean age 45years) who underwent an MRI of the cervical spine. Written informed consent was obtained from all patients. Inclusion criteria were age between 18 and 50 years without any symptomatology or history of trauma. Exclusion criteria included history of cervical spine or head trauma or systemic inflammatory disease, or other lesion that altered the normal anatomy of the craniocervical region.
The MRI examinations were performed on a 3T sys- The images were evaluated by two radiologists (one with a 10-year subspecialization in imaging of the spine and one with a special interest in neuroanatomy). The posterior atlantoocipital ligament, the anterior atlantoocipital ligament, the transverse ligament and the apical ligament were anatomically detected and described. The length of the anterior and posterior atlantooccipital ligament, the length of the apical ligament, and the height, width and thickness of the transverse ligament were measured. All measurements were performed on a standard PACS workstation. The length of a ligament was defined as the distance between its origin and its insertion. The thickness of the transverse ligament was measured at its mid portion and was defined as the distance between the posterior atlantoaxial joint and the tectorial membrane. The width of the transverse ligament was defined as the distance between it's attachments to the tubercle on either side of the lateral mass of the atlas. The measurements of anterior and posterior atlantoocipital ligament were performed on sagittal PD and T1 images, the measurements of the apical ligament was performed only on the sagittal PD images, as it was better visualized. Moreover, the thickness and height of the transverse ligament were measured on both axial and sagittal PD and T1 images. Transverse ligament width was measured on coronal PD images.
Measurements were correlated with these from other anatomical MR and cadaveric studies.
The signal intensity (SI) of all ligaments was also determined in comparison with the SI of the adjacent structures on the PD images and any signal intensity alterations were described.
Statistical analysis: Paired samples t-test was conducted to compare ligament dimension differences between males and females. The Pearson correlation coefficient was used to calculate possible significant correlations between age and ligament dimensions
RESULTS
The transverse ligament was clearly defined at 54/58 cases (93.1%) as a broad band of low signal intensity behind the dens on T1-weighted and PD images. It was better identified on the axial and sagittal planes ( Figure  2) . The mean thickness of the transverse ligament at its midportion was 0.3 cm (±0.1) (range 0.13 cm -0.7 cm). The mean craniocaudal height was 1.16 cm (±0.2) (range 0.8 cm -1.61 cm). Its width was measured only at 15 cases, as coronal images were not routinely included on our protocol. At these cases transverse ligament mean width was 1.52 cm (±0.32) (range 1.1 cm -2.05 cm).
The apical ligament was best defined on sagittal plane on both T1-weighted and PD images, as well on coronal plane, as a thin oblique structure of low signal intensity between the tip of the odontoid process and the anterior margin of the foramen magnum (Figure 3 ). It was defined at 35/58 subjects (60.34%). Its mean craniocaudal length was 0.63 cm (±0.15) (range 0.38 cm -0.99 cm).
The posterior atlantooccipital ligament was best seen on sagittal sections at 55/58 cases (94.8%). It was observed as a well-defined structure of low signal intensity both on T1-weighted and PD images situated between the posterior margin of the foramen magnum and the upper margin of the posterior arch of the atlas (Figure 4) . The mean craniocaudal length was 0.9 cm (±0.21) (range 0.56 cm -1.62 cm).
The anterior atlantooccipital ligament was also best seen on sagittal plane at 56/58 cases (96.5%) as a welldefined structure of intermediate signal intensity run between the anterior margin of the foramen magnum and the upper border of the anterior arch of the atlas ( Figure  5 ). The mean craniocaudal lenght was 1.27 cm (±0.26) (range 0.84 cm -1.99 cm).
The above observations and measurements are presented on Table 1 .
In our study the dimensions of the anterior atlantooccipital, posterior atlantooccipital, apical and transverse ligaments were also evaluated separately in men and women. Their dimensions are depicted on Table 2 and the correlation between ligaments dimensions and gender is shown on Table 3 . There was a significant difference between men and women in the apical ligament length (t-score -2.65, p = 0.012). There was no correlation between age and ligament measurement.
DISCUSSION
MRI is the method of choice for assessing the complex anatomy of the CC junction ligaments, due to multiplanar high resolution images. The introduction of high field strength (3T) MR scanners has greatly improved the delineation of the CC structures [5, 8, 15] . Increased field strengths permit higher signal-to-noise ratio (SNR) as well as spatial resolution and thus better delineation of small structures, allowing thinner slices with excellent The apical ligament is a well-defined thin low signal intensity structure between the tip of the odontoid process and the anterior margin of the foramen magnum (arrow).
signal to noise ratio in a short time [16] [17] [18] .
There is a number of studies in the literature on imaging of normal anatomy and imaging techniques for the transverse, apical, anterior and posterior atlantooccipital ligament [2, [5] [6] [7] [8] 15, [19] [20] [21] . The majority of these studies have been carried out on 1.5T MR units and there is only one study assessing the normal anatomy of accessory atlantoaxial ligament at 3T and its relationship to the ligamentous complex of the CC junction [11] . However, there are a number of published studies focusing on imaging of injuries of these ligaments [20, [22] [23] [24] [25] . In our study a 3T MR scanner was used for the identification and characterization of some of the CC ligaments in a normal population. These ligaments are very important at the motor function of the CC junction and the exact knowledge of their appearance is significant, especially in cases of neck trauma.
T1, T2 and PD sequences may be used for the identification of spinal ligaments. Normal ligaments, due to their fibrous nature, appear as low signal intensity structures on all sequences [5, 6] . T1-weighted sequence, which is considered an anatomical sequence, better identifies the general bony anatomy of the CC region and the larger ligaments of the spine, as the anterior and posterior longitudinal ligaments and the ligamentum flavum, but present lower specificity in the identification of smaller ligaments, as the CC junction ligaments [5, 6] . In our study, we were based on the T2 and PD sequences for the r of the CC ligaments. These sequences provide high contrast between anatomical structures and are quite sufficient to delineate the ligaments from the surrounding tissues, like fat, muscle and cerebrospinal fluid [5] and to better identify their pathology [5, 6] . PD sequence offers increased contrast resolution due to low echo time and it provides better delineation of these ligaments from the surrounding soft tissues. In a previous study of Krakenes et al. [24] it is referred that compared with 2D T2-weighted images, 2D PD-weighted sequences provided better discrimination between the ligaments and surrounding tissues because of a higher signal-to-noise ratio, but with the limitation of increased acquisition time (approximately 30 min). In our study PD-weighted sequence lasts 6:06 min due to the increased magnetic field strength of 3T, which permits acquisition of thin slices at short acquisition times. Our results were mainly based on PD images performed on the sagittal and coronal planes. The axial plane was mainly used for the evaluation of the transverse ligament. T2 and T1 sequences were used complimentarily to the PD sequences. . Sagittal T1 image of the atlantoaxial joint. Ante-riorly, the anterior atlantooccipital ligament is clearly seen as a well-defined low signal intensity structure which ex-tends between the upper part of the anterior arch of the atlas to the foramen magnum.
The apical ligament is placed between the tip of the
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odontoid process and the anterior margin of the foramen magnum in front of the cruciform ligament (Figure 1 ) [26] . The apical ligament was better visualized on sagittal planes and has minimal significance in the stability of CC region [27] . In our study, the mean length of the apical ligament was 0.63 cm (±0.15) which is in agreement with the cadaveric study of Tubbs et al. [21] although other studies [23, 28] report greater length of the apical ligament. We identified the apical ligament only in 35 out of 58 subjects (60.34%), ratio slightly higher than that reported in the published literature [2] . In the remaining subjects (23 cases) the ligament was not identified due to inability to differentiate it from the adjacent structures like fat and venous plexus in 8 cases (Figure 6 ) and due to the imaging plane of our sagittal and coronal images, which was not parallel to it, at the remaining 14 cases [7, 21] . These are in agreement with published data reporting absence of the apical ligament in some individuals [21] or mis-distinctness from adjacent fat pad and venous plexus [7, 21] . The transverse ligament of the atlas is a thick semicircular band with arcuate course across the ring of the atlas, attached on either side to a small tubercle on the medial surface of the lateral mass of the atlas (Figure 1) . Its shape is concave in front, it is broader and thicker in the middle than at the ends and it helps maintain the odontoid process in contact with the anterior arch [26] . As it crosses the odontoid process, two small fasciculi derived from the superior and inferior fibers of the ligament are extended upwards and downwards, called crus superius and crus inferius. The crus superius is attached to the lower margin of the occipital bone and the crus inferius is attached to the posterior surface of the body of the axis. The aforementioned complex forms the cruciate ligament of the atlas [26] . The transverse ligament is the most significant ligament for the stability between the head and neck at the atlantoaxial joint [29] . In our study, the transverse ligament was identified in 54 out of 58 subjects (93.1%), which is in accordance with the published literature [2, 5] . The cause for the non delineation of the transverse ligament was degenerative changes at the region. In our study, the mean thickness at its midportion was 0.3 cm (±0.1) which is partially in agreement with-published data [5] whereas another study reports its thickness to be bigger. The mean craniocaudal height of the transverse ligament was 1.16 cm (±0.2). In the published studies performed with MR, this measurements is reported to be close to our measurements [5, 30] , in cadaveric studies the length of the transverse ligament is reported to be longer [30] [31] [32] . The transverse ligament was depicted adequately on all planes, axial, coronal and sagittal, both at T1 and PD sequences, a fact that is in agreement with published data. The plane one uses depends on the side the transverse ligament that has to be checked.
The anterior atlantooccipital ligament extends between the anterior margin of the foramen magnum and the upper border of the anterior arch of the atlas (Figure 1) . The posterior atlantooccipital ligament extends between the posterior margin of the foramen magnum and the upper border of the posterior arch of the atlas (Figure 1 ) [26] . It joins with the posterior dura mater of the vertebral canal and, sometimes, its distinction from the dura matter is difficult, especially on sagittal images [20, 33] . However, in our study this distinction was possible in most cases both in T2 and PD sequences, due to the increase resolution of 3T (Figure 4) . Concerning the functional significance of the anterior and posterior atlantooccipital ligaments, a cadaveric study has been shown that sectioning of the anterior or posterior atlantooccipital ligament alone did not make the neck unstable [34] . The anterior atlantooccipital ligament was not defined in 2 cases (3.4%) since it was indistinguishable from the adjacent structures on mid-sagittal images. The posterior atlantooccipital ligament was not defined clearly in 3 cases (5.1%) because of hyperextension of the neck. In our study, the detection of anterior atlantooccipital ligament was highly satisfactory which is in contrast with a publication [5] indicating poor visualization of the anterior atlantooccipital ligament being obscured from the surrounding fat. Concerning the posterior atlantooccipital ligament our results are significantly better than in other publications [5] . The mean craniocaudal lenght of the anterior antlantooccipital ligament was 1.27 cm (±0.26) and the mean craniocaudal lenght of the posterior antlantooccipital ligament was 0.9 cm (±0.21).
Normal ligaments show low signal intensity on all se-quences. However, it has been reported that some ligaments may show higher signal intensity. This finding is usual after trauma, but it is also reported in non-injured individuals [6, 25, 35] . Some of the most known causes of high-signal in tendons and ligaments are age-dependent degenerative changes and the presence of fat tissue disseminated among their fibres [9] . The latter might represent a normal variation in the ligament's structure, although it has not been histologically proven [9] . Schweitzer et al. [8] have reported that the anterior atlantooccipital ligament was found to be of higher signal intensity than the other ligaments of the CC junction. In our study, the anterior atlantooccipital ligament appeared with high signal on T2 and PD images (Figure 7(a) ) in 15 cases (25%) and it was not age-dependant. More specifically, it was defined in eight individuals aged 25 -40 years old, four aged 40 -50 years and in three individuals older than 50 years old. Increased signal intensity was also observed at the apical ligament in 6 cases ( Figure  7(b) ) and at the transverse ligament in one case. We were not able to demonstrate an association between such changes and the age of these individuals.
In conclusion, reliable assessment of the morphology and signal intensity of the CC ligaments can be achieved with 3T MR imaging. The sagittal plane provides better delineation of the CC ligaments, but the axial and coronal planes are of paramount importance in the assessment of the transverse and apical ligaments. The PD sequences provide excellent identification of the ligaments and their signal intensity. Knowledge of the normal measurements and the normal variations of the CC junction ligaments is of paramount importance for the assessment of pathology in this area, particularly after trauma. Moreover, 3T MRI provides excellent identification of these ligaments, using thin, high resolution images, obtained in a short acquisition time.
